Application of coal combustion ashes in building materials has been limited by the presence of minor components such as radioactive substances. 226Ra, 232Th, and 40K accumulated in the ash during the burning of the coal may result in significant, several doses of mSv annually. Radon exhalation is usually low, but in some cases a significant dose (5 -15 mSv/y) may be calculated upon due to the 222Rn emanating from this kind of building materials. Therefore a radiological survey, classification of these materials is necessary before utilization.
I INTRODUCTION
During the past few years, building materials as possible sources of radiation dose get more and more in the background, and only radon emanating from the soil is indicated as the main source of radiation dose. This review is intended to show via the building industrial use of coal slag thatthis is not so, and besides, the radiological classification of building materials and its deficiencies are to be reviewed.
The world average of natural background radiation is 2.4 mSv/y. There are some areas where it is much higher due to the terrestrial background radiation and cosmic radiation.
It is estimated that (1) about 65% of individuals have exposures between 1 and 3 mSv/y, (2) about 25% of the population have exposures 1) less than 1 mSv/y, and (3) 10% have exposures greater than 3 mSv.
Outdoor gamma dose caused by radionuclides of terrestrial origin are actually determined by the concentration of 40K and that of 226Ra, 232Th and their daughter elements located in the soil and in materials surrounding us. Average concentration values in soil 1) are: 226Ra: 32 Bq/kg, 232Th: 45 Bq/kg, 40K: 420 Bq/kg, and in building materials 2): 226Ra: 50 Bq/kg, 232Th: 50 Bq/kg, 40K: 500 Bq/kg.
Due to the geometry within the buildings and the higher average radionuclide concentration of natural origin of building materials, the effective dose is usually higher (84 nGy/h) than outdoors (59 nGy/h). Taking this and the dwelling time into consideration the resulting worldwide average of the annual effective dose is 0.48 mSv with the results for individual countries being generally within the 0.3-0.6 mSv range. 1) From the aspect of both environment protection and economy the industrial usage, mainly including building industry usage of by-products generated during mining and processing gain a more and more important role.
During the different industrial technologies, terrestrial radionuclides located in raw materials may be concentrated, accumulated in by-products and waste material (TENORM, i.e. Technologically Enhanced Naturally Occurring Radioactive Materials). This may especially be significant by materials with an originally higher radionuclide concentration, including for example rocks of high organic material content (oilshales, coals) are usually rich in radioactive elements as well.
Waste material remaining after processing, getting into the environment or being used as additives and/or filling insulating material may increase the effective dose of the population.
UNSCEAR-Committee has reviewed the exposures caused by the release of natural radionuclides in mineral processing industries, the use of phosphate fertilizers, and the combustion of fossil fuels.3) They found out that these enhanced exposures are usually quite insignificant compared with the normal background exposure from natural sources.
Several studies were published in literature analyzing the increase of the effective dose of the population caused by these TENORM materials. Avoiding the possible increase of potential effective dose is aimed at by the fact that restrictions related to radiology have been introduced in several places in the world, concerning the use of these materials in building industry.4) The increase of potential effective dose related to the building industry use of fly ash, and bottom ash (slag) are presented below.
II RADIOACTIVITY OF THE COALS
U and Th contents often exceed by several times or even by an order of magnitude the characteristic world average referred to coals. The world average is claimed to be 1-5 ppm and 1-7 ppm for U and Th, respectively.s, 6) The average concentration of 238U, 232Th and 40K in coal is estimated to be 20, 20 and 50 Bq/kg, respectively, based on analysis of coal samples from 15 countries, with a variation of more than two orders of magnitude.1)
Hungary belongs to countries, where the activity of coals (the concentration of uranium) is specifically high, the Hungarian coals proved to represent higher radioactivity than the usual value: the Cretaceous coal of Ajka, the deposits of Kisgyon, certain deposits in the Tatabanya coal basin and the Liassic coal of the Mecsek Mts. 7, 8) The theory of Breger9) may give an explanation on the high uranium-content of coal, according to which uranium enters coal bed from ground water as the soluble sodium uranyl dicarbonate (Na2[UO2(CO3)2]) or the sodium uranyl tricarbonate (Na3[U02(CO3)3]) complex. Breger also suggests that this slightly acidic environment of the coal decomposes theses complexes, and the uranium quickly becomes absorbed by the coal with subsequent reduction to uraninite (U02). If sufficient silica is present in solution, the mineral coffinite (U(Si04)1-X -(OH)4X) is formed instead of uraninite.
III FLY ASH AND BOTTOM ASH
Almost 40% of coal-mining is burnt in power-plants. Fig. 1 shows a schematic of the coal fired power plant. In the combustion process, most of the mineral matter in the coal is fused into a vitrified ash. The worldwide production of coal ash 10) is estimated to exceed 550 106 tons/y. A portion of the, heavier ash, together with incompletely burned organic matter, drops to the bottom of the furnace as bottom ash or slag. The lighter fly ash together with the hot flue gases and any volatilised mineral compounds to the stock, where most is collected while the rest is released to the atmosphere. The combustion of the coal in coal-fired power plant leads to an increase of the natural radionuclides, and non-combustible elements, with enrichment factors for the ashes of 5-10 times. 11)
The activities of natural radionuclides discharged to the atmosphere from a power plant depend on the activity concentration in coal, the construction of furnace, the temperature of combustion, the partitioning between slag and fly ash, the efficiency of the filtering system etc. So, marked differences should therefore be expected between the activities discharged per unit energy produced from different power plants.
The main pathways through which the populations living around coal-fired power plants are exposed to enhanced levels of natural radionuclides due to inhalation during the cloud passage and external irradiation and ingestion following deposition of activity on the ground.12)
Another major use of coal is domestic cooking and heating. There is not enough information in the literature on the environmental discharges of natural radionuclides from this source. However, there are no dust separators on the chimney in this case, so both fly ash and bottom ash get into the environment. The utilization of slag (bottom ash), fly ash may mean another significant route of the effective dose of the population.
IV BUILDING INDUSTRY USE OF FLY ASH AND BOT-TOMASH (SLAG)
Large quantities of coal ash (fly ash and bottom ash or slag combined) are produced each year through out the world. It can be estimated that about 5% of the total ash production from coal-burning power stations is used for constructing dwellings (this represents about 15 million tons/y).
Coal ash is used in a variety of applications. The use of fly ash and the manufacture of cement and concrete are wellknown. Fly ash, bottom ash are most widely used by the production of concrete bricks and blocks. 13-15) Due to its favourable chemical composition, even cement is replaced by it in several cases.16) Favourable results were also gained by the production of special, e.g. dam concrete by using 50% fly ash. 17) Fly ash-based light-weight building materials are also being produced.18) By the production of Hong Kong light weight concrete pulverised fuel ash 19) is used as an additive.
A special method of use is spread in Hungary. Bottom ash (slag) generated in power-plants or other furnaces, stoves were used as a filling-insulation material directly, without any additives,20) as it is shown on Fig. 2 . This was primarily justifled by the relatively small volume and weight, and the good heat-insulating capacity due to high pore volume, and of course cheapness. Despite the fact that the production of building blocks from the slag of coals mined in the Transdanubian region was inhibited,21) the use of the slag for this purpose, i.e. as a filling-insulating material, was continued.22)
V RADIOACTIVITY OF FLY ASH AND BOTTOM ASH (SLAG)
The radionuclide concentration of fly ash and slag generated during the burning of coals were surveyed in several locations in the world.
From the aspect of environmental radiation dose 226Ra, 232Th and a 40K are dominant. These elements and the radiation generated during the decay of their progenies increase the effective gamma dose in our environment. Due to the 222Rn generated during the decay, the 226Ra concentration may significantly determine the air-space radon concentration, and the radiation dose resulting from this.
During the burning of coals most of the original radionuclides are concentrated in the slag and in the fly ash, therefore they may accumulate in by these by-products to 5 -10 times depending on their ash-content.23) Radionuclide concentration values of some ashes mentioned in literature are summarized in Table 1 .1, 2, 4, 24 27) It can be seen that radionuclide concentration values vary within wide limits. Taking into consideration the fact that these materials are used in different ratios by the production of different building materials, the expectable radiation dose may significantly vary. The average 226Ra, 232Th radionuclide concentration of coals1) (226Ra 10-25 Bq/kg, 232Th: 10-25 Bq/kg) is lower than the radionuclide concentration of the soil, but during burning this results in a 5-10 times higher value within slag. The use of these materials in a high quantity may result in an increase of dose. Of course, this and its degree depend on the degree of radionuclide concentration of the materials replaced by the use of ash.
For example K. N. Yu et al. 19 ) reported that the radionuclide concentration in concrete produced using pulverised fuel ash (PFA) 226Ra: 86 Bq/kg, 232Th:109 Bq/kg, 40K: 94 Bq/kg results in a higher effective dose than the building material with an average radionuclide concentration, but PFA was replaced with the granite grains widely used there. The radionuclide concentration of the concrete produced by using granite grains is: 226Ra: 202 Bq/kg, 232Th: 40 Bq/kg, 40K: 1030 Bq/kg. So, the use of ash eventually resulted in the decrease of radiation dose.19) Although, in most cases this is not the situation.
Penfold et al. found out that the highest dose rate for a critical group in the United Kingdom was 250 u Sv came from the use of fly ash in building materials.28) Measurements in the former Czechoslovakia gave values approaching 1000 nGy/h in houses with outside walls containing coal slag. 29) Significant increase in the dose effect was caused also by using slags as filling-insulating materials in Hungary. In this case the concrete layer covering the slag layer, and already not containing cool ash, partially screens radiation.30, 31) Due to the slag built in the flats, absorbed dose rate measured32, 33) in a height of 1 m was between 150 and 700 nGy/h, so the annual radiation dose varied between 34) 0.7 and 3.4 mSv. Slag was also built in public buildings using the mentioned method; values of 500-900 nGy/h were measured in nursery-schools and schools. 35) It can be stated that in the case of using cool fly ash as an additive to building material or cement, an effective dose higher than the average (although, generally not significantly higher) can be measured. However, in the case of ash with higher radioactivity a rather significant effective dose exceeding the world average by more than ten times was also found. This is also true for the cases where the bottom ash (that is, Fig. 2 tilization of the slag Table 1 Average radionuclide concentration of fly ash and slag.
the slag) was used in a great quantity as a filling-insulating material under the floor or above the ceiling. The extra effective dose, originating from the gamma radiation emitted by the used ash, of those living in such buildings may even reach the value 4 mSv/y.
In order to decrease the radiation dose of the population and to prevent extra radiation dose, materials used by building works are also classified in many countries from a radiation protection aspect. This is carried out in quantities, so-called indices in ratio with the radionuclide concentration values. These indices basically mean derived limits and usually take into account the outdoor gamma-dose rate originating from the activity concentration of isotopes found in building materials. For the evaluation of these, the dose rate caused by the unit activity of the proper radionuclide (226Ra: 0. 462; 232Th: 0. 604; 40K: 0.0417 nGy/hI(Bq/kg)) set out for soils are taken as a basisl). However, by modelling the expectable dose rate, walls with different thickness, possibly distribution with different homogeneity, and due to radon emanation a certain degree of equilibrium shift are also to be taken into account. Since the models and the parameter values used for the derivation can only be given with great uncertainty, the differences between derived limits may also be multiple.
Uniform and internationally accepted action levels of radionuclides in building materials are not yet available. Such classifications used in international practice are the following. -Radium equivalent36> (Ra eq):
Ra eq=CRa-226+1.26CTh-232+0.086Cx40
( 1) where Cx activity concentration values are given in Bq/kg units. Recommended applications and limit values are as follows: I. by house building: Ra eq<370 II. by industrial building works: Ra eq<740 III. by road and railway construction: Ra eq<2200 IV. by soil clearing: Ra eq<3700 V. prohibited to use for any purpose: Ra eq>3700 -H(Iv. r)value 37)
H=Ck-40/1500+CRa-226/150+CTh-232/100
-Gamma index 38) gamma index=Lk-40LRa-226(Th-232nn
By the last three indices the condition for the unlimited use of the base material in residential buildings is that their value should be less or equal to 1.
Activity index (1) Many countries have already made some choices: these limits are normally expressed by means of a sum (or index) wich must be lower than or equal to 1.
H=C(226Ra)/1(226Ra)+C(232Th)/1(232Th)+C(40K)/1(40K) (5) where C(x) is the measured activity concentration of the radioisotope x (Bq/kg) 1(x) are fixed parameters for 226Ra, or 232Th, or 40K (Bq/kg).
The values used by different countries 39) for 1(x), shown in Table 2 , 38) are quite different. This is due to both the different levels of concentration of nuclides in each country's typical materials and the socio-economic consequences of banning the use and trade of the materials. 39) Otherwise, it is obvious that the I(x) values show similar tendency, namely, Therefore, the I indices reflect the expected dose rate in every combination of the three radionuclides. In the cases of not homogeneous distribution of the radionuclide or in the presence of shielding materials (e. g. concrete) the I indices are less suitable to assess the dose rate.
The EU details the Radiation Protection Principles in issue 112 of Radiation Protection. Controls should be based on a dose criterion, which is established considering overall national circumstances within the EU. 4) It is recommended that controls should be based on a dose in the range 0. 3 -1 mSv/y. Doses exceeding these values should be taken into account from the radiation protection point of view. This is the excess gamma dose to that received outdoors.
Because more than one radionuclide contribute to the dose, it is practical to present investigation levels in the form of an activity concentration index. The following activity concentration index (1) is calculated for identifying whether a dose is met: 1=LRa/300Bqkg-1+UTh/200Bqkg-I+UK/300Bqkg-1 (6) where CRa, CTh, CK are the radium, thorium and potassium activity concentrations (Bq/kg) in the building material. The activity concentration index shall not exceed the values presented in Table 3 .
When industrial by-products are incorporated in building materials and there is reason to suspect that these contain enhanced levels of natural radionuclides, the activity concentrations of these nuclides in the final product should be mea- Table 2 Activity concentration parameters of radionuclides in building materials, established in the National Legislation of some European countries. Table 3 The activity concentration index (I").
sured or assessed reliably from the activities of all component materials.
VIII RADIATION DOSE ORIGINATING FROM RADON
Besides from soil, radon also irradiates from the building materials into the air-space of buildings, the degree of exhalation40) is 0.005-0.05 Bq/sm2. There are conflicting views on the impact of the use of fly ash on the dose from inhalation of radon decay products. According to some investigators, the indoor dose originating from radon should be higher in a house with fly ash concrete than in a house built with ordinary concrete.41) According to other investigators the indoor dose should be lower, 42-44) while another group concluded that there should not be any significant change 46) The UNSCEAR 1988 report assumed that the use of fly ash in building materials does not result in any additional dose due to the inhalation of radon decay products. However, in the case of the building method applied in Hungary, a significant increase of radiation dose originating from radon may be expectable.
The possible cause for this is that the 226Ra concentration of the slag used here is high22) (226Ra: 600-2,900Bq/kg), the slag layer is thick (15-40cm) , and the slag is separated from the air-space by a 5 cm thick layer of concrete cast on the spot. The quality of concrete is not as high as the industrial concretes. Therefore the porosity of this concrete is higher, resulting in higher diffusion constants.1)
Based on the measurements carried out so far, in the case of building in slags with high 226Ra concentration, the radiation dose originating from radon varies between 0.6 and 22.5 mSv/y. The committed effective dose originating from radon was 4.6 mSv/y in the flats with slags in one of the towns, and it was 15.2 mSv/y in another. The estimated annual effective dose contribution in some cases was close to or in excess of the occupational limit of 20 mSv/y for annual average dose.47) VIII SUMMARY Coal ash (fly ash and bottom ash or slag) generated in huge quantities during the burning of coal are used in several places and in different ways by building works throughout the world.
Surveys carried out in different countries show rather different results. There are some places where the gamma dose of those living in such buildings is expected to be zero or insignificant, or even smaller related to the use of local building materials. This is basically determined by the radioactivity of the coal and the ash generated during the burning. However, in certain cases a rather significant radiation dose, annually several mSv, is expectable. Therefore the radiological survey in advance of the ash used and the building material produced from it, and its classification based on this is an essential task.
The degree of radiation dose originating from radon is also contradictory in these cases. In certain cases radon is not able to be emitted from building materials, and in some cases rather high radon concentration values were reported, which may even result in a radiation dose of 15 mSv/y. Taking all these into consideration, it can be stated that in case of using the mentioned ash materials, the values of radon emanation and exhalation should also be surveyed. 
